A nickel-base high-temperature alloy (Ni-17Mo-7Cr) has been characterized by nanoindentation and transmission electron microscopy to determine the changes of nanoindentation hardness and microstructural evolution under ion irradiation. Ion irradiation experiments for bulk and thin-foil specimens of Ni-17Mo-7Cr alloy were carried out at room temperature, up to 6.6 dpa, by 7 MeV Xe 26+ and 1 MeV Xe 20+ ions, respectively. The continuous stiffness measurement (CSM) with a diamond Berkovich indent was used to measure the depth profile of hardness. Nanoindentation results for bulk specimens showed an evident ion irradiation induced hardening phenomenon, and the nanoindentation hardness increases with increasing ion dose. High number density of nano-scale black spots and linear-like defects were observed in thin-foil specimens irradiated at 0.33 and 6.6 dpa, respectively. High-resolution transmission electron microscopy images revealed that the black spots were nanoscale solute clusters and dislocation loops, while the linear-like defects were found to be Ni, Mo and Cr-enrichment regions by using the highangle annular dark field-scanning transmission electron microscope. The ion irradiation induced defects can be responsible for the hardening of Ni-17Mo-7Cr alloys.
Introduction
As one of the six most promising Generation IV fission reactors, the Molten Salt Reactor (MSR) will be able to not only produce electric power, but allow for re-burning, deep burning, and nuclear transmuting of radioactive waste. 1, 2) In the ultimate goals of design, MSR should run at temperatures over 1000 K, and its neutron irradiation doses could reach 100 displacements per atom (dpa) or more for the core components. Therefore, the structural materials of MSR will be subjected to the extreme environments, i.e., high temperature, high neutron doses and corrosive coolant. 3, 4) Thus, the development of the MSR much depends on the progress in developing such structural materials that should meet a number of special requirements: a high corrosion resistance to fluoride salt melts; sufficient radiation resistance; adequate high-temperature strength and good manufacturability (ability to be deformed, machined, welded, etc.). 5) Nickel-base NiMoCr alloy has high strength and excellent corrosion resistance at high temperature, wherein molybdenum and chromium were added respectively to strengthen and improve the oxidation resistance of alloy. 6) Therefore, nickel-base alloys with molybdenum and chromium were accepted as the main candidate-materials for structural materials of the MSR. 7) As we know, during the operation of reactor, neutron bombardment causes a microstructural evolution of structural materials, and it can be responsible for the changes of their mechanical properties under neutron irradiation. 8, 9) Hence, the evaluation of irradiation damage for structural materials is of particular importance for ensuring the safe operation of MSR. However, the investigation concerning the irradiation performance of NiMoCr alloy is rarely reported. Therefore, it is necessary to carry out a systematic study on the behaviour of this material under irradiation.
As a part of the ongoing research program for the Thorium-based MSR (TMSR) nuclear energy system, this paper aims to study the changes of mechanical properties and microstructural evolution of NiMoCr alloy under ion irradiation. In this study, some bulk and thin-foil specimens of a nickel-base Ni-17Mo-7Cr alloy were irradiated respectively by 7 MeV Xe 26+ ions and 1 MeV Xe 20+ ions, at different doses. The bulk and thin-foil specimens were characterized respectively by nanoindentation and transmission electron microscopy (TEM) to investigate the changes of nanoindentation hardness and microstructural evolution. The relationship between them was discussed.
Materials and Experimental Procedure
The material used in this study was a nickel-base Ni17Mo-7Cr (mass%) alloy subjected to cold rolling and annealing treatment (for 6 min at 1177°C, cooling naturally with the furnace). It has a face-centred cubic (FCC) lattice structure. Several plates of 10 © 10 © 1 mm 3 coupon were sectioned and wet polished with silicon carbide paper and diamond polishing paste. These coupons were subsequently prepared by electropolishing at 20 V for about 15 s in an aqueous solution of 50% H 2 SO 4 and 40% glycerin under the temperature of 0°C, followed by ultrasonic cleaning using acetone, alcohol and deionized water sequentially. In addition, several specimens, for TEM studies, were prepared as disks of 3 mm in diameter. Thin foils were obtained by mechanical thinning of the disks down to 100 µm, followed by twin-jet electropolishing, with an alcoholic solution of 5% HClO 4 .
Ion irradiation experiments were carried out at room temperature, on the 320 KV Highly Charged Ions Research Platform of the Institute of Modern Physics, Chinese Academy of Sciences (HCIRP-IMP-CAS).
10) The bulk and thin-foil specimens were irradiated with 7 MeV Xe 26+ and 1 MeV Xe 20+ ions, respectively. For the thin-foil specimens, the irradiation of 1 MeV Xe 20+ ions was chosen to make sure that the irradiation damage depth is suitable to the thickness of thin area (less than 100 nm). The beam current density of 7 MeV Xe 26+ ions was about 8. ions. The thin foil specimens were irradiated for 20 and 400 min to get the same ion dose as the irradiated bulk specimens for a comparative purpose. The temperature of the specimens did not increase obviously during ion irradiation by controlling the ion beam intensity (<1 µA). The damage profiles were calculated using the software SRIM 2008, 11, 12) as shown in Fig. 1 , wherein the displacement energy (E dis ) is 40 eV. 13, 14) The radiation damage distribution (depth) under 1 MeV Xe 20+ and 7 MeV Xe 26+ irradiation was about 300 and 1400 nm, respectively.
The nanoindentation hardness of the unirradiated and irradiated bulk specimens was measured by nanoindentation technique on a G200 nanoindenter instrument. A diamond Berkovich tip named TB13989-XP with a radius of 20 nm was used with CSM method. The maximum load and penetration depth were set at 250 mN and 1400 nm, respectively. In this instrument, the hardness and elastic modulus can be determined from the analysis of loaddisplacement (P-h) curves using the method developed by Oliver and Pharr. 15, 16) Meanwhile, irradiation-induced microstructural evolution of thin-foil specimens was characterized by using Tecnai G2 F20 TEM, with the accelerating voltage of 200 kV. The nanoindentation results and TEM observation are presented in the following sections. Figure 2 shows the nanoindentation hardness of unirradiated Ni-17Mo-7Cr alloy as a function of the indentation depth. In this study, five single indents were made for each specimen. In the case of the depths less than 70 nm, the measured hardness values were inaccurate because of the uncertainty in the indenter tip geometry, strain rate effects around the sharp indenter tip, and other surface artifacts such as surface contamination films. 17) For values in the depth larger than 70 nm, all the curves show that the hardness of decreases slightly with the penetration depth (Fig. 2) . This may be explained by the model developed by Nix and Gao based on the concept of geometrically, in which the hardness depth profile was predicted as follows: 18) H
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where H 0 is the hardness in the limit of infinite depth and h* is a characteristic length that depends on the material and the shape of the indenter. Noticing that h* can be considered to be a constant for a given material and indenter. As the indentation depth (h) increases, the measured hardness value decreases gradually and approaches H 0 progressively. In addition, the data of each single indent keep consistent with each other, which can make sure the measurement accuracy.
The average nanoindentation hardness of unirradiated and irradiated Ni-17Mo-7Cr alloy was plotted as a function of the indentation depth, as shown in Fig. 3 . It is evident that the nanoindentation hardness of the unirradiated Ni-17Mo-7Cr alloy is lower than that of the irradiated specimens. The irradiated Ni-17Mo-7Cr alloys show a hardening phenomenon, compared to the unirradiated specimen. The Xe ion irradiation leads to hardening of Ni-17Mo-7Cr alloy. Here the curves for irradiated specimens have the same tendency, but exhibit larger decrease rates of hardness than that of unirradiated specimen.
It should be noted that the nanoindentation could not provide a measurement of the true hardness at each depth. The research of Samuel et al. 19) showed that the radius of elastic-plastic zone formed underneath the Vickers indent is 1.7 d (diagonal length), where the penetration depth h is just d/7. Thus, we can reasonable infer that the reflected zone of the Berkovich diamond indenter can be a hemispherical region beneath the indenter, as show in Fig. 4 . Because the reflected zone of the Berkovich diamond indenter is several times to the indentation depth, for irradiated samples, the softer substrate effects (SSE) that the softer unirradiated depth area beneath the irradiated depth contribute to the measured hardness occurs even though the indentation depth less than damage layer depth. This may explain the difference in decreasing tendency between the curves of unirradiated and irradiated Ni-17Mo-7Cr alloys.
In order to gain the hardness of any certain dpa, Kasada et al. 20) reported a new method to evaluate irradiation hardening for ion-irradiated materials. The average nanoindentation hardness data is plotted as H 2 versus 1/h, as shown in Fig. 5 . The curve of the unirradiated Ni-17Mo-7Cr alloy show a good linearity in the range of h > 67 nm, whereas the bilinearity with the critical indentation depth (hc) of 230 and 260 nm were observed in case of the ion dose of 0.33 and 6.6 dpa, respectively. As reported by Takayama et al., 21) the bilinear behavior is due to the SSE. Noticing that the critical indentation depth (230260 nm) is around 1/6 of the damage layer depth (1400 nm). We can conclude from this result that the Berkovich diamond indenter tip will reflect the hardness in the region of the indent and extending down about six times of the indenter's contact depth.
Microstructure evolution
Bright-field micrographs of thin-foil specimens before and after 1 MeV Xe 20+ ions are shown in Fig. 5 . Some dislocation lines were observed in the unirradiated Ni-17Mo-7Cr alloy in the bright-field image, as shown in Fig. 6(a) . In addition to the dislocation lines, almost no defects could be observed in the observation field. However, in case of 0.33 dpa, a large number of black spots appeared (Fig. 6(b) ). It should be noted that the similar black spots, with a diameter range of 38 nm, were observed also in ion irradiated Ni-based Hastelloy C276 alloy and FeCr alloy, reported respectively by Jin et al. 22) and Heintze et al.
23,24)
The implantation of high energy Xe ions into the Ni-17Mo-7Cr alloy could knock out atoms in crystal lattice from their equilibrium positions and cause collision cascades, introducing a large number of supersaturated vacancies and interstitials. The diffusion and aggregation of them can cause the formation of some solute clusters and dislocation loops in materials. As the ion dose increased from 0.33 to 6.6 dpa, the presence of high number density of linear-like defects were observed, as shown in Fig. 6(c) . The linear-like defects have a parallel arrangement along the (001) plane. Figure 7 shows the microstructure of black spots defects after ion irradiation at 0.33 dpa. It is evident that the black spots are some rounded solute clusters and dislocation loops. The mechanism of the formation of these solute clusters and dislocation loops may be the radiation-induced segregation (RIS) of solutes to point defects clusters. 25, 26) The formation of solute clusters and dislocation loops depend on mainly the original shape of point defect clusters.
In order to clarify the linear-like defects observed in Ni17Mo-7Cr alloy irradiated at 6.6 dpa, the high-angle annular dark field-scanning transmission electron microscope (HAADF-STEM) was used to characterize these defects. Figure 8 shows the HAADF image of Ni-17Mo-7Cr alloy irradiated at 6.6 dpa, which is in accordance with the presence of linear defects in Fig. 6(c) . It is evident that the linear-like defects are some Ni, Mo and Cr-enrichment regions. Further studies are needed to clarify the origin and formation process of these solute-enriched linear-like defects. In this paper, the evolution of nanoindentation hardness was obtained from the bulk specimens irradiated with 7 MeV Xe 26+ ions, whereas the irradiation induced microstructural evolution was given by thin-foil specimens after 1 MeV Xe 20+ ion irradiation. Although the ion irradiation conditions of bulk and thin-foil specimens are different, the nanoindentation results can be linked to the TEM observations qualitatively. Summarizing the above results, the ion irradiation hardening is considered to be due to the irradiation induced defects (solute clusters, dislocation loops, soluteenriched linear-like defects). The irradiation induced defects can pin dislocations and inhibit the free motion of dislocations, thus result in the hardening of materials. The irradiation induced defects can be responsible for the hardening of Ni-17Mo-7Cr alloys.
Summary
The evolution of nanoindentation hardness and microstructure of irradiated Ni-17Mo-7Cr alloys has been characterized by nanoindentation and TEM after ion irradiation to doses up to 6.6 dpa at room temperature. Nanoindentation results indicated that the hardening of Ni17Mo-7Cr alloys occurs after 7 MeV Xe 26+ ion irradiation, and the measured nanoindentation hardness increases with increasing ion dose. Meanwhile, irradiation induced black spots (solute clusters and dislocation loops) were observed in thin-foil Ni-17Mo-7Cr alloy irradiated at 0.33 dpa. As the ion dose increased from 0.33 to 6.6 dpa, the presence of high number density of solute-enriched linear-like defects were observed. These irradiation-induced defects can pin dislocations and inhibit the free motion of dislocations, then result in the hardening of materials. The radiationinduced defects in irradiated specimens can be responsible for the hardening of Ni-17Mo-7Cr alloy after xenon ion irradiation.
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